A D P-G lucose P yrophosphorylase, G ene E xpression, M etabolic R egulation, Starch Biosyn thesis R ecent advances in studies on p lan t A D P -glucose p y ro p h o sp h o ry lase (A G P), the key en zyme o f starch biosynthesis, are presented. A G P c o n stitu tes the First com m itted and highly regulated step o f starch synthesis in all p lan t tissues. T h e im p o rtan ce o f A G P in carb o h y d rate m etabolism and several o f its features, such as p o te n t regulation by cellular effectors (3-phosphoglycerate and P;), an u nu su al tw o su b u n it-ty p es structure, tissue-specific an d developm entally-regulated expression, an d presence o f the A G P -deficient m u tan ts, m ake it an a t tractive, but com plex, targ et for b iotechnological m an ip u latio n s. Som e strategies fo r future research on A G P are discussed.
Introduction
ADP-glucose pyrophosphorylase (ATP: a-glucose-l-P adenylyl-transferase, EC 2.7.7.27) (AGP) is an im portant regulatory enzyme in the biosyn thesis of starch and glycogen in plants and bacte ria, respectively. The enzyme catalyzes the follow ing reaction: a-G lucose-l-P + ATP <-»■ ADP-Glucose + PPj ADP-glucose, the product of AGP, is the major, if not the sole, glucosyl donor for starch biosyn thesis in plants [1] , Starch is a predom inant carbon sink of storage organs and leaves of many species, and has an obvious im portance as a com ponent of hum an diet, foodstock for husbandry, as well as in brewing and ferm entation industries, biodegradables, paper and textile production -to mention only major applications [2] .
Considerable evidence indicates that plant AGP is the rate-limiting step in starch biosynthesis for both photosynthetic and non-photosynthetic tis sues [1] . A close relationship between the activity of AGP and starch content has been dem onstrated for numerous m utants with impaired levels of starch [1, 3 -8] , The lack of, or low, activity in these m utants was correlated with the deficiency of A G P protein [4, 5, 9] . A close relationship was also found between levels of starch, the AGP protein, and the m RNA coding for AGP [10] .
The last few years have brought a num ber of im p ortant reports on the structure and regulation of A G P, and a significant progress in the application o f molecular biology techniques toward studying the plant enzyme. In the present review, we intend to focus only on these latest developments in the research on plant AGP, and to underline some tasks facing prospective researchers in the future. M ore detailed and comprehensive inform ation on A G P and other enzymes involved in starch m etab olism can be found in recent excellent reviews by Preiss [1] and Beck and Ziegler [6] .
M etabolic Control
A G P has been found in all plant tissues contain ing starch granules, confirming its role as the com m itted step in starch biosynthesis. In leaves, AGP activity is localized exclusively in the chloroplasts, i.e. plastids specialized in photosynthesis [1] . A study by Kim et al. [11] , employing im munocytochemical techniques, has provided an unequivocal evidence that, in potato tubers, AGP protein is confined exclusively to the amyloplasts, i.e. plas tids specialized in starch storage. In the am ylo plasts, AGP appears to be localized within specific regions of the starch grain, which may reflect sites o f active starch synthesis [11] , Thus, for both pho-tosynthetic and non-photosynthetic tissues, plastids are probably the only intracellular com part ments containing AGP.
Pioneering studies by Preiss and co-workers (see [1] ) have established that plant AGP is potently ac tivated by PGA and inhibited by Pr A significant stimulatory effect on AGP has also been found with some other phosphoesters, e.g. fructose-6-P, glucose-6-P [12] and pyridoxal-P [13, 14] . The acti vation (PGA) and inhibition (Pj) constants for plant AGP are generally o f the order of micro moles. Pj has been found to inhibit the activating effect of PGA, but higher concentrations o f PGA usually overcome the inhibition caused by Pj, sug gesting that both effectors bind to the same site on the enzyme. These data have also suggested that a ratio o f PGA/Pj may play a key regulatory role for AGP in vivo [1] , In leaves, a high ratio of PGA/P; is observed during photosynthetic carbon fixation, which produces PGA as the first stable product in many plants, while Pj levels are low because of photophosphorylation. These processes coincide with starch formation, which occurs predom inant ly during light conditions. Studies using intact leaves and isolated chloroplasts (see [1, 15] ) direct ly support the role of the PGA/Pj ratio in regulat ing starch biosynthesis via the m odulation o f AGP activity.
The regulation by PGA and Pj has also been found for AGP from non-photosynthetic tissues. Partially purified AGPs from maize endosperm [12] and potato tubers [16] showed similar mode of regulation as the leaf enzyme. Olive et al. [17] , on the other hand, have argued that wheat endosperm AGP might not be activated by PGA and that it is less sensitive to P: inhibition, but the actual data are yet to be published. It seems im portant to note that the effector sensitivity of AGP may depend on the conditions of isolation and purification of the enzyme. For instance, the regulatory properties of maize endosperm AGP were substantially affected by an endogeneous proteolytic degradation; the proteolysis decreased sensitivity of the enzyme to PGA and Pj. On the other hand, the enzyme isolated in the presence of protease inhibitors exhibited regulatory properties similar to leaf AGP [12] . The proteolytic effect may perhaps ex plain some earlier reports, which suggested that AGP from non-photosynthetic tissues was insensi tive to the PGA/Pj regulation (see [1] ).
The problem of the mode of regulation of AGP from the non-photosynthetic (sink) tissues is em phasized by the fact that precursors for starch syn thesis there are different from precursors found in the photosynthetic (source) tissues. In the latter, both glucose-1 -P and ATP, as well as PGA, are de rived from photosynthetic carbon metabolism and photophosphorylation. In the sink, however, pre cursors for starch biosynthesis need to be imported to the cells as sucrose. Studies with cultured syca m ore cells [18] and wheat endosperm [19, 20] have suggested that glucose-1-P, the substrate of AGP, m ight be derived directly from the imported car bohydrate. Furtherm ore, the same studies have indicated that glucose-1-P rather than triose-P is transported into the amyloplasts (see also [21] ). Although the limited role of triose-P in starch for m ation in the amyloplasts raises the question of whether PGA serves as the in vivo activator of A G P in this tissue (triose-P is a direct precursor to PG A through glycolysis), the recent enzymatic evi dence [12, 16] suggests that there are no major dif ferences in effector-sensitivity between AGP from the chloroplasts and amyloplasts. This suggests, in turn, that there are no functional differences for the enzyme with regard to various starch alloca tion and storage strategies found in plants [1] .
In contrast to plant AGP, the regulation of the enzyme from Escherichia coli is primarily mediated by fructose-1,6-bisP (activator) and AMP (inhibi tor) [22, 23] , This may reflect a different type of m etabolism in E. coli when com pared to higher plants. The enzyme from green algae and cyano bacteria, i.e. lower photosynthetic organisms, was found to be sensitive to the PGA/Pj control [1] , suggesting an evolutionary link between photosyn thesis and the mode o f AGP regulation.
Subunit structure
Despite the key position of A G P in starch bio synthesis in plants, numerous attem pts to purify the enzyme either from leaves or storage tissues have failed to yield pure AGP. To our knowledge, only the enzyme from spinach leaves has been pu rified to homogeneity, as attested to by electro phoretic evidence and by the production of specific polyclonal antibodies [9, 13] . In fact, most of our knowledge about the structure of plant AGP comes from exam ination of the spinach AGP and from the use of antibodies directed against this protein.
Plant AGP exists as a tetram er (ca. 2 1 0 -240 kDa) composed of two small (ca. 5 0 -5 5 kDa) and two large (ca. 5 1 -6 0 kDa) subunits. This is in contrast to the AGP enzyme from bacteria, which is composed of four equally-sized subunits [9] . In the case of a potato tuber AGP, the two subunit types share almost identical M x values, but their structure appears different, based on im munologi cal properties and pi values [16] . It is believed that there are no exceptions to this two subunit type structural organization o f plant AGP, even though some earlier studies, based either on electrophoret ic or immunological evidence, have suggested a single type subunit for the enzyme, similarly to the bacterial A G P (for discussion see [9, 24] ). A possi ble explanation for this could be that one of the two subunit types o f plant AGP is very unstable during preparation o f protein extracts or during purification [12] , or that their M x values are simi lar, as found for the potato tuber enzyme [16] . It seems also possible that, in certain cases, one of the subunits is expressed in excess over the other, which may perhaps lead to a preferential form a tion of hom otetram ers. As dem onstrated by Muller-Rober et al. [25] , under some metabolic condi tions, m R N A coding for the large subunit of p o ta to tuber AGP is overexpressed in vivo, when compared to the small subunit transcript, which has led to increased starch production.
The controversy regarding the question of heter ogeneity o f the subunit structure o f plant A G P was at least partly due to the fact that the antibod ies against the native spinach AGP, used for im munodetection, reacted preferentially with only one of the subunit types o f the enzyme [9] (see also [12, 26] ). Thus, western blots of crude or partially purified AGPs frequently yielded only one band, indicating a hom otetram eric structure of AGP. More recent studies, however, using antibodies prepared against each o f the subunit types o f spin ach AGP [9, 16, 24] , have provided an unequivocal evidence in favour of the two subunit type struc ture of plant AGP.
For plant AGP, the residues responsible for sub strate binding are probably lysine and phenylalan ine, while a lysine residue at the carboxyl end of the protein is responsible for the activator binding. These conclusions were drawn from studies on a irreversible binding of labelled pyridoxal-P (ana log of PGA) and 8-azido-ADP-glucose (analog of ADP-glucose) to the purified spinach enzyme [13, 14, 27] , and from the comparison of conserved re gions of AGP from several species [17, 28, 29] , Based on studies with spinach AGP, the activatorbinding site was postulated to be located both on the small and large subunit [13, 27] , while the substrate-binding site is present almost exclusively on the large subunit [27] . However, an Arabidopsis m utant entirely lacking the large subunit o f AGP and having only about 4% of the small subunit protein has been reported [5] to have about 5% of the AGP activity, when compared to wild type plants, suggesting that the small subunit o f A G P in this species does contain the substrate-binding do main. Unfortunately, the state of oligomerization of the small subunits of native A G P in this Arabi dopsis m utant is unknown at present. The hom o tetrameric AGP from E. coli differs from plant A G P in the structure of the activator-binding site, but not the substrate-binding dom ain [14, [27] [28] [29] , probably reflecting the distinct nature of activa tors of the bacterial and plant AGP.
Both subunit types of plant AGP are synthe sized as precursor peptides, having M x values larger than the mature proteins [17, 26, 28] . These additional sequences are attached to the aminotermini of the m ature proteins, and probably rep resent transit peptides which direct the proteins into plastids. Following a cleavage of the transit peptide of the immature AGP upon sequestration into plastids, the enzyme apparently is not subject ed to any other post-translational m odification process in vivo. An observation that plant A G P is phosphorylated in vitro by a calcium-dependent protein kinase [1] needs yet to be proved in a more physiological system.
Molecular Biology
The last few years have brought very significant progress in the molecular biology research on AGP. Tissue-specific transcripts for A G P have been identified and sequenced from several species ( Table I ). The identification of cDNAs coding for AGP was accomplished by screening expression libraries with the antibodies against either spinach [17, 27, 28] or potato AGP [24] , by hybridization to cD NA probes [17, 29, 30] and, most recently, by polymerase chain reaction technique, using oligo nucleotide primers based on conserved regions of the cDNAs (P. Villand, unpublished). The latter technique seems especially promising, since it al lows a direct amplification o f transcripts and ge nomic sequences, opening new opportunities for the characterization of the structure and expres sion of different homologous genes of AGP.
It is clear at present that plant AGP is encoded by two structural genes, which are responsible for the synthesis of the small and large subunit of the enzyme. Early studies by Tsai and Nelson [3] have established that, in maize, genes for AGP are un liked, and m utations at either locus abolish most of the AG P activity. The loci have been called Brittle-2 and Shrunken-2, respectively, which re ferred to distinct phenotypes of seeds of the m u tant plants [3] , Partial sequences of cDNAs coding for both subunits of maize endosperm AGP have already been published [29, 30] . Based on bio chemical and genetic studies, as well as analysis of isolated cD N A clones, the large and small sub units o f spinach, rice and potato AGP have also been proposed to be the products of two separate genes [14, 25, 28] , Biochemical and genetic studies on the AGP-deficient m utants from Arabidopsis have indicated that synthesis of AGP is under the control o f at least two genes, one o f which has per haps a regulatory function [4, 5] . In contrast to plant AGP, the bacterial enzyme, which is com posed o f four equal subunits, is encoded by a single gene [1] , The expression of genes for A G P has been found to be developmentally regulated and tissuespecific. In rice endosperm, m R N A for AGP was detected at 3 days after pollination (dap), reaching its maximum at 14 dap. The m R N A levels were correlated with the appearance o f the AGP pro tein, which was first detected at 6 dap, and reached its maximum at 14-18 dap [10] . The small subunit-encoding gene from potato tubers was found to be expressed in the tuber and leaves, but only low (or none) expression was in the stolon tissue [24, 25] , Based on transcript sizes or sequence anal ysis, studies on rice and wheat have indicated pres ence o f different genes encoding the same subunit type of A G P in leaves and endosperm [ 17, 26] , while in potato the same gene might be responsible for the expression of the small subunit in tubers and leaves [24] , In addition, the gene coding for the large sub unit of potato A G P was found to be strongly in ducible by sucrose, and its expression led to an in crease in starch levels [25] . The d ata suggest a link between expression of the gene encoding the large subunit and the status o f a tissue as either a sink or as a source o f carbohydrates [25] .
Based on cD N A sequences, genes coding for the small and large subunits of plant A G P share a rel atively high degree o f identity at the protein level. Even though the subunits clearly differ with re spect to their N-term inal sequences, tryptic pep tide patterns and immunological reactivity [13, 14] , there is at least 52% identity between the re spective derived am ino acid sequences for the two subunits from potato tuber and maize endosperm [25, 30] , In our studies on cD N A fragments (about 500 bases each) encoding putative small and large subunits o f barley endosperm AGP, there was about 50% identity in the derived amino acid se quences [P. Villand, unpublished]. It seems likely, thus, that genes encoding the small and large sub unit of A G P may have com m on origin, and that they diverged to the point where the expression of each locus is necessary for AGP function [30] .
There is usually a higher degree o f identity, both at the cD N A and protein levels, between the same subunit types of A G P from different species or or-gans than between the sm all and large subunits from the same source [29, 30] , F o r instance, the d e rived am ino acid sequence o f the large subunit from w heat endosperm [17] show s 83 an d 94% identity to the large subunit from p o ta to tu b e r [25] and barley endosperm [P. V illand, unpublished], respectively. The degree o f identity o f the rice en dosperm small subunit o f A G P [28, 29] to the c o r responding proteins from p o ta to tubers [25] , maize endosperm [30] , spinach leaves [27] and barley en dosperm [Villand, unpublished] is 88, 89, 76 and 91% , respectively. The nucleotide sequences are less conserved (e.g. 85% identity a t the nucleotide level between cD N A s for the sm all sub u n it o f the rice and maize A G P [30] , an d m ost o f the changes are at the third base o f the codons [30] .
Still very little is know n a b o u t the stru ctu re and identity o f genom ic loci encoding p lan t A G P . The A G P genes are p ro b ab ly entirely confined to the nuclei, as d em onstrated by an exclusive h y b rid iza tion o f cD N A for A G P to the nuclei fractio n o f p o ta to tubers [24] , Prelim inary analyses o f genom ic clones, using cD N A probes from rice e n d o sperm and p o ta to tubers, have indicated th a t the rice A G P gene spans nearly 6.5 kb and co n tain s 9 introns, while the A G P gene from p o ta to spans up to 6.7 kb [24] , C om pared to an average A G P tra n script size o f a b o u t 2 kb [10, 25, 26, 28, 29] , it a p pears th at genes for p lan t A G P have a com plex intron-intervened structure, perh ap s indicating a role for introns in regulating gene expression o f A G P [24] ,
Perspectives
As m entioned above, there is a need for m ore in form ation on the stru ctu re and regulation o f p u ri fied plant A G P , especially from n o n -p h o to sy n thetic tissues. The purification procedure, usually consisting o f heat treatm en t, ion-exchange an d h y drophobic ch ro m ato g rap h y , has proved to yield hom ogeneous enzym e from spinach leaves [13] , but was not as effective for the A G P from m aize endosperm [12] and p o ta to tu b er [16] . F u rth e r m ore, to study the stru ctu re an d function o f p lan t A G P, it is desirable to o b tain large qu an tities o f pure enzyme -a difficult task because o f low abundance o f the A G P protein in plants [13] . O th er approaches are required, perh ap s involving novel affinity ch ro m ato g rap h y m atrixes, "tag ging" the protein w ith labelled 8-azido-A D P-glucose, or overproducing the plant A G P in E. coli, yeast or o th er suitable organism s. T he o v erpro d uction o f plant A G P could provide an efficient system n ot only to yield sufficient am o u n t o f the enzym e, but also to conduct site-specific m u tagen esis studies. It is unknow n, however, w hether a given expression system w ould be able to correctly assem ble the two subunit types o f p lant A G P into the active tetram eric protein.
The inform ation ab out am ino acid sequences o f A G P subunits from different species and tissues is crucial for biotechnological m anipulations o f the regulatory functions o f the enzyme. F o r instance, w hen considering the nature o f the binding o f P G A and P( to A G P, it is assum ed th a t Pj inhibits P G A binding by interacting electrostatically with the sam e am ino acid residue that interacts w ith the p h o sp h ate group o f P G A (lysine, for the small subunit o f spinach A G P [14] ). A t the sam e time, the carboxyl group o f P G A m ay react electrostatically w ith an arginyl or an o th er lysyl residue. A site-di rected m utagenesis approach, leading to a replace m ent o f the phosphate group-binding am ino acid w ith one th a t w ould still allow anchoring o f the P G A m olecule w ithin a polar pocket, m ay de crease the affinity o f Pj for the site. Sim ilar studies w ith A G P from E. coli, leading to a replacem ent o f a lysine residue responsible for the binding o f fructo se-l,6 -b isP (activator) with glutam ic acid, have resulted in the enzyme which was less dependent on the activator for the expression o f m axim al ac tivity [23] (see also [22] ).
A m odel developed by N euhaus and Stitt [8] has predicted th a t altering the sensitivity o f p lan t A G P to P G A and Pj could be a useful strategy to control p artitio n in g betw een starch and sucrose. As the first com m itted step in starch synthesis, A G P con stitutes an obvious target for biotechnological m a n ipulations leading to changes in starch quantity. U n d e r physiological conditions, levels o f A G P are well in excess o f those required for starch p ro d u c tion [4, 5] , suggesting th at the enzyme operates in a strongly inhibited m ode in vivo. A n effort directed a t the increase o f sensitivity o f the enzyme to P G A activation could, thus, result in enhanced starch p ro d uction. In E. coli, m utants w ith increased sensitivity to fructose-1,6-bisP (activator) and de creased sensitivity to A M P (inhibitor) showed up to three-fold higher rates o f glycogen synthesis th an the wild type [22] , A n analogous effect with respect to starch p ro d u ctio n w ould also be expected if a given p lant species were transform ed w ith A G P gene(s) encoding the enzym e which is insensitive to the Pj inhibition (e.g. A G P from E. coli). A n o p posite strategy, involving m anipulations leading to an increased sensitivity o f A G P to Pj and a de creased P G A effect, could result in a redirection o f carb o n usually stored in starch for synthesis o f q uality proteins [1] .
T he alteratio n in carb o n partitio n in g could also be studied by the so-called antisense strategy (e.g. [31] ), involving the use o f antisense transcripts o f A G P in transgenic plants. This m ay allow the study o f the effect o f a reduced A G P level on starch q u an tity and on levels o f oth er enzymes involved in starch p ro d u ctio n . The antisense ap p ro ach m ay also be used in studies on the relative im portance and stoichiom etry o f the small and large sub units in the native A G P protein. In relation to starch p ro d u ctio n , the antisense strategy has al ready proved useful when applied to the starch synthase gene from p o ta to [32] (see also [33] ). A n tisense D N A for this enzyme was introduced to p o ta to roots, resulting in plants w hich had re duced, albeit varying, starch levels. M odification o f starch q u antity by the antisense technique a p pears to yield results m ore rapidly than the tra d i tional m u ta n t induction and selection m ethods, and m ay be especially useful in polyploid species (e.g. p o ta to ) because the introduced D N A acts as a d o m in an t suppressor gene [32] , M u ta n ts having low, or none, A G P activity fre quently con tain altered levels o f starch synthase and branching enzym e as well as other enzymes in volved in starch m etabolism [4 -7 , 34] , w hich sug gests a com m on regulatory m echanism for the expression o f genes coding for these proteins. W hether an increased activity o f A G P will also corresp o n d to altered levels o f the oth er enzymes rem ains to be determ ined. The m u tan t o f Arabi dopsis, lacking the large subunit o f A G P [5] , is o f p articu lar biotechnological significance, because it offers a m odel system for m u tan t com plem enta tion studies and for studies on the native small su b unit A G P protein. T he m u tan t m ay serve as a ge netic b ackground into which foreign and chem i cally m u tated genes coding for the large subunit can be introduced and studied in physiological conditions. C hanges in starch q u an tity in such a system can, then, be unequivocally related to the characteristics o f the introduced gene [5] . P otato plants w ith varying levels o f am ylose starch have already been created by com plem entation o f a starch synthase-deficient m u tan t w ith the starch synthase gene (see [33] ).
T here is clearly a need for a com prehensive m odel o f gene expression o f A G P and for identifi cation o f D N A regions th a t confer tissue-specific and developm entally regulated expression o f the enzyme. T he prerequisite for such a study is clon ing and characterizatio n o f all genes coding for A G P in a given p lan t species, and prep aratio n of specific probes for each locus. All the d a ta on gene expression o f plan t A G P have been obtained using probes o f ra th er poorly defined specificity with re gard to any p articu lar gene coding for A G P, so it is still p rem atu re to definitively assign a given A G P expression p a ttern to a specific locus. At present, it ap p ears th a t p o ta to plants offer the m ost prom ising system to study gene expression of A G P , given the availability o f c D N A clones for b o th the small and large subunit o f A G P from p o ta to tubers (see T able I), and the relatively a d vanced status o f w ork on the physical and en zym atic properties o f the p o ta to A G P protein [1, 16] , F u rth e rm o re, tran sfo rm atio n o f p o ta to with Agrobacterium is well established (e.g. [32] ). C on cerning cereal species, the key problem is the lack o f a reliable stable tran sfo rm atio n m ethod for bio technological studies. Before such a m ethod is de veloped, the m ajor th ru st o f the cereal A G P re search will p ro b ab ly be directed at studying gene expression w ith specific probes, an d using other system s for tra n sfo rm atio n w ith the cereal A G P gene(s) (e.g. Arabidopsis, tobacco).
In o u r studies on barley A G P , clones containing genes o f A G P have been isolated by screening ge nom ic library w ith cD N A s coding for the small and large subunit o f the enzyme. Prelim inary results have indicated th a t barley A G P is encoded by two distinct gene families, each corresponding to genes coding for the sm all and large subunits, similarly to the A G P genes in m aize [30] and p o ta to [25] . E ach fam ily can be fu rth er divided into at least tw o sub-groups (based on hybridization studies un d er different stringency conditions), possibly representing genes th a t code for the endosperm and leaf-specific A G P s [P. V illand, unpublished]. Studies involving cloning and sequencing o f these genes, including p ro m o to r regions, are actively pu rsu ed in o u r lab. ln studies o f u pstream se quences o f the A G P genes, the lack o f a suitable m eth o d for stable tran sfo rm atio n o f barley m ay be p artly overcom e by the use o f the biolistic proce d ure [35] for transient gene expression. The m ethod has already found application using w hole grains and transverse sections o f grains o f barley [36] . C haracterizatio n o f specific loci coding for barley A G P , tog eth er w ith studies on the p ro m o to r strength o f a given A G P gene (using fusion co n structs o f the p ro m o to r and a repo rter gene for tra n sie n t gene expression) should allow a detailed dissection o f the p ro m o to r regions to identify ele m ents specifying the tissue-specific and tem poral p a tte rn s o f expression. O ligonucleotide probes for each locus m ay prove useful in screening o f o u r col lection o f barley m onogenic m utants w ith altered starch levels [37] to isolate possible m u tan ts o f A G P .
A n o th e r revealing strategy should be to screen several species o f different evolutionary p ast (e.g. tio n ary pattern s in A G P expression, etc. The sideby-side com parison o f the subunit size o f a given enzym e from several species and organs m ay ten ta tively lead to the identification o f isozyme(s) with altered regulation a n d /o r catalysis characteristics (e.g. see [38] ). It seems w o rth m entioning that, in c a rro t em bryo cells, the antibodies against the n a tive spinach A G P were reported to recognize two " u n u su a l" peptides o f 60 and 100 kD a [39] , sug gesting presence o f distinct isozyme(s) o f A G P in the em bryonic tissue. It rem ains to be further test ed w hether these ap p aren tly em bryo-specific p ro teins [39] are indeed functionally related to A G P.
F u rth e r progress is needed in order to fully u n d erstan d the protein/gene structure and regulation o f p lan t A G P. The cu rren t know ledge, however, ap p ears sufficient to initiate efforts to gain bio technological co n tro l o f som e know n properties o f the enzyme. T he ap p roaches discussed above, in volving alterations o f the allosteric site o f A G P an d o f the A G P gene(s) expression, together with biotechnological m an ipulations o f the enzymes d i rectly involved in starch pro d u ctio n (starch syn thase and branching enzym e), could facilitate the co n tro l o f p h otosynthetic carbon partitioning, hopefully leading to im provem ents in starch q u an tity and structure.
